The relation between plasma concentration and the effects of atracurium was studied in seven patients anaesthetised with thiopentone, fentanyl and nitrous oxide -oxygen. The responses to train-offour stimulation at ten-second intervals with tetanic stimuli applied every five minutes were recorded. The first sign of transmission returning after complete blockade was usually the post-tetanic facilitated twitch, which was noted when the mean atracurium concentration was 1.15 mg 1-1 (SD 0.77). The most sensitive parameter was the train-off our ratio, which recovered to 0.5 when the concentration was 0.217 mg 1-1 (SD 0.56), compared with a concentration of 0.271 (SD 0.85) at 50% recovery for twitch height, 0.221 (SD 0.029) for tetanic peak and O. 231 (SD 0.079) for tetanic fade. The value for the train-offour ratio differed significantly (P < 0.05) from that for the twitch height, but other differences were not significant. Once recovery commenced, these four parameters recovered at similar rates, with recovery indices (25 to 75% responses) of 14.8 (SD 1.7) , 14.0 (SD 1.0),14.3 (SD 1.8) and 13.7 (SD 2.1) minutes respectively. Post-tetanic facilitation was most marked during severe but incomplete blockade and tetanic stimulation temporarily reversed the atracurium-induced decrease in train-offour ratio. Clinically, the use of tetanic stimulation did not improve the sensitivity of neuromuscular monitoring, but post-tetanic count may be useful where monitoring of profound relaxation is required.
is advisable to attain these objectives, especially when the 'intermediate' acting relaxants, atracurium or vecuronium are used. Our study was undertaken in conjunction with an investigation of the breakdown of atracurium isomers in eight patients. I During these studies the effect of the administered drug on the supramaximally evoked contraction of the adductor pollicis brevis was recorded. In one patient anticholinesterase was administered before complete recovery, so concentration -effect data are reported here for seven patients only. Previous studies have published plasma concentrationresponse data for twitch height (TwH), including concentrations at 50% and 90% effect (EC so and EC 90 ),2 and the plasma concentration -response curve and EC so for o.ne second tetanic stimuli. 3 The present study includes data for TwH, train-of-four ratio (TOFR), responses to Ss tetanic stimuli, inlcuding tetanic peak (TetP), tetanic fade (TetF) and post-tetanic facilitation (PTF) and discusses their use in clinical monitoring of neuromuscular blockade. The definition of these terms is given in the methods section and shown in Figure 1 . METHODS Seven ASA class I or 11 patients undergoing elective operations not requiring profound muscle relaxation were studied. Institutional Ethics Committee approval was received and informed patient consent was obtained for each study. Anaesthesia was induced with sodium thiopentone, fentanyl citrate and nitrous oxide -oxygen and tracheal intubation was facilitated with topical anaesthesia with lignocaine hydrochloride. Further aliquots of thiopentone and fentanyl were used to maintain anaesthesia. Exhaled carbon dioxide was monitored with an infrared detector (Datex Cardiocap). Ventilation was controlled with a constant volume ventilator (Ulco Campbell) adjusted to maintain the end-tidal carbon dioxide tension between 5 and 6 kPa throughout each study. No special measures were taken to maintain or monitor temperature.
The patient's right forearm and hand was strapped to a padded arm-board and silversilver chloride electrocardiograph electrodes (3M Red Dot, paediatric) were placed over the ulnar nerve near the wrist, and the extended thumb was attached to a force displacement transducer by nylon tape, with the resting tension adjusted to 200 to 400 g. The Myotest nerve stimulator was adjusted to deliver supramaximal stimulation, and set in the 'train-of-four' mode to deliver four stimuli at 2 Hz with 10 s pause in between trains. Several Ss trains of 50 Hz tetanic stimulation were applied to reveal any slack or movement in the recording system, and if necessary, the resting tension was readjusted. After 5 to 15 minutes of stimulation, when the base line was stable, a dose of atracurium, 500 Jlgkg-l in two, and 300 Jlgkg-1 in five was injected rapidly into a freely flowing intravenous infusion. During the study Ss tetanic trains were applied at five-Anaesthesia and Intensive Care. Vol. 18. No. I. February. 1990 minute intervals, to study the effects of atracurium on tetanic contraction and to demonstrate post-tetanic facilitation. The five-minute interval was chosen, as by that time the effect of the tetanus on TwH and TOFR appeared to have abated (see discussion). Recording was continued until recovery of neuromuscular transmission, evidenced by stable TwH and TOFR greater than 0.95.
Repeated blood samples were taken from an external jugular vein for a minimum of 90 minutes for assays of the plasma levels of atracurium, as outlined in our previous paper. I During recovery from neuromuscular block, the plasma concentration of the transtrans isomer group was below detection level, and the concentrations of the cis-cis and cistrans groups were summed to obtain the total atracurium plasma concentration. These data were fitted to bi-exponential model:
where A, U, B, and ~ are constants, using 'Asystant' (McMillan) software. Plasma concentration at any particular time was interpolated from this curve of best fit.
The stimulation pattern outlined above enabled the measurement of the effects of atracurium on TwH, TOFR, TetP, TetF and PTF. Twitch height was measured at the first contraction of the train-of-four immediately preceding each tetanic train. The TOFR was recorded as the ratio ofthe first TwH to that of the fourth in the same train, preceding the tetanus. Tetanic peak (TetP) was defined as the height of the initial contraction evoked by the tetanic stimuli and TetF was measured as the ratio of the difference between initial and terminal amplitude of the evoked tetanic contraction to its initial height. PTF was the ratio of the height. PTF was the ratio of the height of the first contraction after each tetanus to that of the first in the train preceding it. These parameters are shown in Figure I . Thus, all the above variables were measured at five-minute intervals throughout recovery. For each measured variable the corresponding plasma concentration of atracurium was calculated as described above.
Finally, the concentration -effect relation was fitted to the Hill equation for the TwH, TOFR, TetP and TetF:
where f is effect, expressed as fraction of maximal effect, C is plasma concentration, EC~o the plasma concentration at 50% effect and s is a constant. During recovery, TetP increased above control values (see results) and therefore for the purpose of fitting the Hill equation constants, f was considered 0 when TetP equalled or exceeded control amplitude. Because measurement of small responses is inaccurate, the EC 90 and EC 9S were calculated from the EC~o and s for each patient by means of the equatIOns shown in the appendix.
Results are given as mean with SD in parenthesis and their significance was tested using paired t-tests. Because the EC 90 and EC 9S were calculated from the EC so values and s, their significance was not tested separately.
RESULTS
The pharmacokinetic constants ofthe curve of best fit used to calculate atracurium concentrations for each subject are summarised in Table 1 . These constants were used to calculate the plasma concentrations corresponding to the effect parameters in each patient.
In all seven patients neuromuscular transmission was completely blocked by the atracurium. The first sign of return of transmission was the reappearance of the facilitated post-tetanic twitch in five patients. In one, it was detected 25 minutes before the response to the tetanic stimulus was recordable. In two of the patients response to the tetanic stimulus and the facilitated twitch following became apparent together. The mean total plasma atracurium concentration at the reappearance of the facilitated twitch . was 1.15 mg 1-1 (SD 0.77) while the mean concentration at which the tetanus became recordable was 0.90 mg 1-1 (SD 0.74) (NS). The unfacilitated twitch reappeared at a mean concentration of 0.57 mg 1-1 (SD 0.08) and the fourth twitch at 0.40 mg 1-1 (SD 0.08). The atracurium concentrations associated with various recovery parameters are summed up in Table 2 . The EC so for TwH was significantly greater than that of the TOFR (P < 0.05), but neither differed significantly from that of the TetP or TetF. When TwH had recovered, the mean TOFR was 0.80 (SD 0.11). The mean exponents of the Hill equation, s, were all in the range 4.4 to 5.0 for the four measures of neuromuscular transmission and there were no significant differences.
After recovery of the TwH and TOFR, the TetP continued to increase above control levels in all patients. The maxima ranged from 115 to 173% of control (mean 141.6% SD 24.9). Where the studies were continued sufficiently long, the TetP tended to return towards control values. TetF was present to a noticeable degree in six of the seven patients prior to the administration of atracurium.
The PTF was also present under control conditions in six of the seven subjects. It ranged up to 176% (mean 130.1 (SD 26.7), before atracurium. It was most prominent during marked but incomplete block ( Figure  3 ). It was observed that tetanic stimulation not only caused PTF, but also caused temporary recovery of the TOFR (Figure 4 ). This recovery, however, was only transient as the TOFR progressively decreased again. DISCUSSION During the recovery phase, fifteen minutes or more after the administration of atracurium, the trans-trans isomer group and the rapid breakdown components of the cistrans group have been virtually eliminated. I Beyond that time therefore, the isomeric composition of the remaining atracurium is relatively constant, thus justifying the pharmacodynamic treatment as a single compound. 4 The effects of relaxants are most directly related to concentrations at the site of action, that is, in the effect compartment. 5 ,6 As atracurium, however, breaks down outside the central compartment, no such model has been possible to date. Nevertheless, it has been shown that during recovery the effect compartment concentration is closely related to plasma concentration and the major disequilibrium which is evident during onset does not occur. 5 ,7 The intensity of effect can thus be related to the total plasma concentration of atracurium during the elimination phase when our observations were made. Of the effect parameters which were measured, the facilitated twitch was the first therefore that studying tetanic responses at 50 Hz does not increase the sensitivity of the measurement of neuromuscular block over that of TOFR. 9,10 These findings bear out previously reported data from animal experiments with d-tubocurarine. ll
Measurement of response is of necessity inaccurate when the response is small. This is best exemplified when measurement of the TOFR is considered, say at 95% effect. If at that time the twitch height (T 1 ) was 4 mm, the T4 would have been 0.2 mm and both measurements would have been subject to large percentage errors, which then could have been compounded by the division to derive the TOFR. For that reason the EC 90 and EC 95 were derived by calculation. As the fits to the Hill equation were close, with regression coefficients all greater than 0.98, this method yielded the better estimates. to recover, confirming that post-tetanic countS may be most appropriate for quantitation of intense neuromuscular block. Defining sensitivity of a parameter in terms ofthe EC 50 (the most sensitive being associated with the lowest drug concentration), the TwH was less sensitive than the TOFR, but TetP and TetF were intermediate and not significantly different from either. It would appear
As has been shown with pancuronium 7 the rate of recovery of TOFR is the same as TwH but commences later. The difference in time to 50% recovery was less marked with atracurium (7.3 minutes) than was the case for oancuronium (28 minutes). In this study, using five-second tetanic trains at five-minute intervals there was noticeable enhancement of the tetanic peak during the latter part or recovery. This had not been reported when one-second tetani were applied at twelve-second intervals. 9 Posttetanic facilitation was most pronounced during marked neuromuscular blockade and only when the TwH was less than 50% of control was it clearly greater than that, sometimes encountered before the administration of the relaxant. Therefore under clinical circumstances, its obvious presence suggests severe neuromuscular block. To our knowledge the reversal of the TOFR depression by tetanus has not previously been reported. It suggests that caution needs to be exercised in the interpretation of TOFR if tetanic stimulation has also been used during monitoring.
The recovery index (recovery time from 75 to 25% blockade) of TwH, TetP TetF and TOFR was similar. It has been suggested that the effect of tetanic stimulation may affect the rate of recovery for as long as 30 minutes. 12 The value of 14.8 minutes for TwH can be compared with previously reported values which range from 11. 7 to 19 minutes [13] [14] [15] and suggests that tetanic stimulation at fiveminute intervals did not alter the recovery rate from paralysis materially. Data for the other measures is not available. The values for EC 50 and s found in this study also correspond closely to those previously reported for TwH. 2 This study has shown that the first sign of recovery from complete neuromuscular blockade is the reappearance of the facilitated twitch, followed by the reappearance of response to tetanic stimulation. The TOFR is the most sensitive of the effects caused by atracurium but it is reversed temporarily by tetanic stimulation. The PTF is most evident during severe but incomplete blockade. These findings have practical implications In neuromuscular monitoring. 
